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Abstract
Aim: The study aims to explore the relationship between objectively measured physical
activity (PA) timing and the cardiovascular disease (CVD) incidence, cardiovascular-specific
mortality, and all-cause mortality (ACM) in type 2 diabetes mellitus (T2DM) patients.

Methods: Data were obtained from the UK Biobank, a population-based prospective cohort
study. From February 2013 to December 2015, the PA of the participants was objectively
measured by continuously wearing an accelerometer for 7 days. CVD was defined through
the  International  Classification  of  Diseases  (10th  Revision)  codes  by  linking  to  national
hospitalization  data.  Death  data  was  obtained  through  the  National  Health  Service
Information  Center.  K-means  cluster  analysis  was  used  to  cluster  patients  with  similar
temporal activity patterns.
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Results: Among 3,143 adults with T2DM (mean age 65.9 years; 62.0% men), followed for a median of 7.82 years,
13.91%  developed  CVD,  13.53%  died  from  cardiovascular  causes,  and  9.61%  died  from  any  cause.  A  Cox
proportional  hazards  regression  model  showed  that  higher  hourly  PA  was  associated  with  lower  CVD  and
cardiovascular mortality risk, particularly for activity accumulated between 8 am and 4 pm. Lower ACM risk was
observed for  activity  performed throughout the day and evening,  whereas elevated early-morning activity,  most
notably around 3 am, was linked to higher CVD and mortality risk. Cluster analysis identified three PAtiming profiles.
Compared with participants exhibiting evenly distributed daytime activity (Cluster 1), those with morning activity
peaks at 8-9 am (Cluster 2) or 11-12 am (Cluster 3) had substantially reduced CVD incidence {hazard ratio (HR)
0.449 [95% confidence interval (CI), 0.318-0.634] and 0.493 (95%CI: 0.363-0.670), respectively}. The ACM risk
was  similarly  lower  in  clusters  2  [HR  0.625  (95%CI:  0.448-0.873)]  and  3  [HR  0.548  (95%CI:  0.403-0.746)].
These associations were independent of overall PA intensity.

Conclusion:  Engaging  in  PA  in  the  late  morning  or  at  noon  is  associated  with  a  lower  risk  of  CVD  and  ACM  in
patients  with  T2DM.  Time-dependent  PA  interventions  may  constitute  an  additional  benefit  for  managing
cardiovascular  and  mortality  risks  in  these  patients.

INTRODUCTION
Type 2 diabetes mellitus (T2DM) is one of the most serious and common chronic diseases of our time,

affecting about 1 in 10 adults worldwide and causing significant health and economic burdens
[1 ]

.

Cardiovascular disease (CVD) is the leading cause of death in patients with T2DM
[2]

. Relative to patients

without T2DM, the risk of CVD in patients with T2DM is two to four times higher, and the risk of all-cause

mortality (ACM) and cardiovascular mortality is 50% to 60% higher
[3]

. Adequate physical activity (PA), an

important part of diabetes management, can reduce the risk of ACM, CVD, and cardiovascular mortality in

patients with T2DM
[4-6]

. The American Diabetes Association guidelines recommend that patients with T2DM

engage in at least 150 min of moderate- to high-intensity aerobic exercise spread over at least 3 days a week

and do not remain inactive for more than 2 consecutive days
[7]

.

Previous studies have mostly focused on the frequency, intensity, and duration of PA using self-reported PA

measurements, which may not accurately reflect the population’s activity level
[8]

. Recent studies have

suggested that the timing of PA during the day is related to cardiometabolic health
[9,10]

. A cross-sectional

study showed that patients with T2DM who engaged in more moderate- to high-intensity PA at noon had

the poorest cardiopulmonary health, while men who were most active in the morning had the best

cardiopulmonary health, independently of the intensity and duration of PA
[10]

. Studies in experimental

animals also suggest that the time of day for PA is a key factor affecting exercise capacity, skeletal-muscle

metabolic pathways, and systemic energy homeostasis, indicating that the beneficial effects of PA may be

mediated by endogenous circadian rhythms
[11,12]

. Several interventional studies have found that the timing of

exercise can affect blood sugar control and cardiovascular function
[13-15]

. However, these studies included

fewer than 12 patients, all of whom engaged in group exercise rather than independent PA. In addition, the

health benefits of PA may originate from any form of activity during the day (e.g., work, commuting,

housework).

While the relationship between the timing of PA and the risk of cardiovascular and all-cause death in the

general population has been addressed in previous studies
[16]

, research is lacking in patients with T2DM.

Therefore, it is necessary to determine the prospective relationship between the distribution of independent

PA during the day and cardiovascular and mortality outcomes in these patients. We used the UK Biobank, a

large population-based, nationally representative prospective cohort study, to explore the relationship

between objectively measured PA timing and the incidence of CVD, cardiovascular-specific mortality, and

ACM in T2DM patients.
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METHODS
Data source and study population

The study data was obtained from the UK Biobank, an ongoing population-based prospective cohort study.

More than 500,000 participants aged between 37 and 73 years were recruited from March 2006 to October

2010. All participants underwent baseline assessment at 1 of 22 assessment centers in England, Wales, and

Scotland, completing touch-screen questionnaires and providing physical measurements and blood and

urine samples. The UK Biobank was approved by the North-West Multi-Center Research Ethics Committee

(application number 92014). Each participant provided written informed consent.

A total of 502,392 patients participated in the baseline survey, of whom 103,664 wore accelerometers. Those

who wore the devices for fewer than 3 days (N = 6,992) or had abnormally high PA values [daily mean

acceleration, ≥ 100 milligravity (mg) units; N = 18] were excluded. The T2DM diagnosis was either

self-reported or identified in medical records through the International Classification of Diseases, 10th

Revision (ICD-10) code E11. Participants without T2DM (N = 93,359) were excluded from the baseline

survey, and 152 people were excluded during cluster analysis for abnormal average hourly relative

acceleration [5 standard deviations (SD) above or below the average], leaving 3,143 patients for analysis. In

addition, when analyzing the relationship between PA timing and CVD, 907 patients with CVD at baseline

were excluded [Figure 1]. The study followed the Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) cohort study report guidelines
[17]

.

Assessment of PA

To objectively measure independent PA, some baseline participants were invited via email to continuously

wear accelerometers for PA measurement from February 2013 to December 2015. Those who agreed to

participate were sent the Axivity AX3 wrist-worn triaxial accelerometer (Axivity Ltd., Newcastle, UK), which

recorded data continuously for 7 days starting at 10:00 a.m. Raw triaxial acceleration data (100 Hz) were

processed using the R package “accelerometry” and the UK Biobank expert working group protocol.

Non-wear time was identified as periods of consecutive stillness (standard deviation across x, y, z < 13.0 mg)

lasting ≥ 60 min
[18]

. These segments were imputed using the mean vector magnitude of similar time-of-day

epochs on other valid days to correct for potential diurnal bias. Participants were required to have at least

72 h of valid wear time, with data recorded in every one-hour block of the 24-hour cycle
[19]

. PA intensity was

standardized as the average vector magnitude (AVM) in mg units, derived from the Euclidean Norm Minus

One (ENMO) calculation
[20]

. To handle extreme values, we excluded epochs exceeding 425 mg (equivalent to

~6 metabolic equivalent of task units) as a practical upper bound for wrist-worn devices. In this study, the

average acceleration of each hour of all recorded days was used.

Assessment of outcomes

The main outcome indicators were the incidence of CVD, cardiovascular death, and all-cause death. CVD

was defined by ICD-10 codes by linking to national hospitalization data up to October 31, 2021, including

codes for ischemic heart disease (codes I20 to 25), cardiac arrest (I46), heart failure (I50), and stroke (I60 to

I64). Death data was obtained through the National Health Service (NHS) Information Center (England and

Wales) or the NHS Central Register and National Records (Scotland) up to November 30, 2021.

Covariates

Patient baseline demographic characteristics and lifestyle habits (e.g., age, sex, race, qualification, family

income, smoking, drinking, and sleep chronotype) were investigated using touch-screen questionnaires.

Sleep chronotypes were categorized as early sleeper (definitely a “morning” person/more a “morning” than

“evening” person) and late sleeper (definitely an “evening” person/more an “evening” than “morning”

person) via one question: “Do you consider yourself to be… ?” Patient height and weight were measured
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Figure 1. Flowchart of participant selection and study inclusion.

using standard methods, and the body mass index (BMI) was calculated. According to World Health

Organization standards, BMI has three categories: underweight (< 18.5 kg/m
2
), healthy (18.5-25 kg/m

2
), and

overweight (25-29.9 kg/m
2
) or obesity (≥ 30 kg/m

2
). Glycated hemoglobin levels were determined in baseline

blood samples.

Statistical analysis

Continuous variables were described using mean ± SD, and categorical variables using frequency

(percentage). Group comparisons were made using analysis of variance or chi-square tests. The Cox

proportional hazards regression model was used to explore the relationship between hourly mean PA (in SD

units) and the risk of outcome occurrence. The relative acceleration was calculated by dividing hourly
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average acceleration by daily mean acceleration, adjusted for non-wear time bias to exclude overall PA

intensity. K-means cluster analysis was used to cluster patients with similar temporal activity patterns. The

number of clusters (K) was determined by the within-sum-of-squares (WSS) plot. The stability of the

resulting cluster solution was assessed using bootstrap resampling (100 iterations) and quantified by the

Jaccard similarity index. The Cox proportional hazards regression model was used to explore the relationship

between clusters and cardiovascular and death risks. To account for potential competing events, competing

risk analyses were additionally performed using the Fine-Gray subdistribution hazard model. For the

outcome of incident CVD, all-cause death was considered as the competing event. For the outcome of CVD

mortality, non-cardiovascular death was considered as the competing event. Subgroup analysis was

performed according to sex (male, female), age (< 65 years, ≥ 65 years), BMI (< 30 kg/m
2
, ≥ 30 kg/m

2
),

diabetes duration (< 5 years, ≥ 5 years), and baseline glycated hemoglobin levels [glycated hemoglobin A1c

(HbA1c), ≤ 7%, > 7%]. Sensitivity analysis was further performed by excluding people who experienced

outcome events in the first 2 years of follow-up.

RESULTS
A total of 3,143 patients with T2DM with an average age of 65.90 ± 6.65 years were included in the analysis,

of which 1,949 (62.01%) were men. The baseline characteristics of the participants and the characteristics of

the cluster groups are shown in Table 1. The baseline characteristics of the subcohort for the incident CVD

analysis (n = 2,236) are provided in Supplementary Table 1. The median follow-up time was 7.82 years, with

13.91%, 13.53%, and 9.61% of patients experiencing CVD, cardiovascular-related death, and all-cause death,

respectively.

The results of the multifactorial Cox proportional hazards regression model showed that high hourly PA was

associated with a low risk of CVD and cardiovascular-related death in patients with T2DM, mainly from

8 am to 4 pm, with a low risk of all-cause death from 8 am to 11 pm. High hourly PA was associated with an

increased risk of CVD from 2-5 am and an increased risk of death at 3 am [Figure 2].

The WSS plot identified three clusters [Supplementary Figure 1]. The 3-cluster solution demonstrated

excellent stability, with a mean Jaccard similarity index of 0.958 based on 100 bootstrap replicates, indicating

highly replicable cluster assignments. Figure 3 shows the average relative acceleration distribution of each

cluster throughout the day. Cluster 1 (N = 1,040) is characterized by a relatively even distribution of daytime

PA. Cluster 2 (N = 510) shows a peak in PA around 8-9 am, and Cluster 3 (N = 1,593) shows a peak in PA

around 11-12 am.

After adjusting for potential confounding factors, the risk of CVD occurrence was reduced in Cluster 2 and

Cluster 3 compared with Cluster 1, with hazard ratios (HRs) of 0.449 [95% confidence interval (CI)

0.318-0.634] and 0.493 (95%CI: 0.363-0.670), respectively; the risk of ACM was also reduced in both groups,

with HRs of 0.625 (95%CI: 0.448-0.873) in Cluster 2 and 0.548 (95%CI: 0.403-0.746) in Cluster 3. There was

no statistically significant change in the risk of CVD mortality in either group [Table 2]. No difference in the

risk of CVD and mortality was found between Clusters 2 and 3 [Supplementary Table 2]. The results of

Fine-Gray competing risk analyses were consistent with our primary analyses [Supplementary Table 3].

Sensitivity analyses that further adjusted for baseline insulin use and diabetes duration produced results

consistent with the primary models [Supplementary Table 4], indicating that these factors did not

substantially confound the observed associations.

Subgroup analysis showed that the relationship between PA clusters and the risk of CVD and CVD mortality

was similar across sex, age, BMI, diabetes duration, and baseline HbA1c groups and in the overall
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Table 1. Demographics and characteristics of the participants in the total population and in relative acceleration pattern clusters

Characteristics
Total population
(N = 3,143)

Cluster 1
(N = 1,040)

Cluster 2
(N = 510)

Cluster 3
(N = 1,593)

P

Age (years) 65.90 ± 6.65 65.71 ± 7.05 65.28 ± 6.97 66.23 ± 6.26 0.010

Sex, male (%) 1,949 (62.01) 694 (66.73) 304 (59.61) 951 (59.70) < 0.001

Ethnicity

Caucasian 2,844 (90.49) 913 (87.79) 456 (89.41) 1,475 (92.59)

0.002

Asian or Asian British 101 (3.21) 42 (4.04) 19 (3.73) 40 (2.51)

Black or Black British 47 (1.50) 21 (2.02) 12 (2.35) 14 (0.88)

Other 151 (4.80) 64 (6.15) 23 (4.51) 64 (4.02)

Qualification

College or University 968 (30.80) 332 (31.92) 147 (28.82) 489 (30.70)

0.396

A levels/AS levels or equivalent 390 (12.41) 119 (11.44) 68 (13.33) 203 (12.74)

0 levels/GCSEs or CSEs or equivalent 994 (31.63) 344 (33.08) 154 (30.20) 496 (31.14)

NVQ or HND or HNC or equivalent 256 (8.15) 89 (8.56) 42 (8.24) 125 (7.85)

None of above 535 (17.02) 156 (15.00) 99 (19.41) 280 (17.58)

Household income

< £18 K 709 (22.56) 188 (18.08) 174 (34.12) 347 (21.78)

< 0.001

£18 K -< £52 K 1,526 (48.55) 531 (51.06) 216 (42.35) 779 (48.90)

£52K -< £100 K 449 (14.29) 154 (14.81) 57 (11.18) 238 (14.94)

≥ £100 K 85 (2.70) 12 (2.35) 40 (2.51)

Unclear 374 (11.90) 134 (12.88) 51 (10.00) 189 (11.86)

Smoking status

Yes 281 (8.94) 74 (7.12) 81 (15.88) 126 (7.91)

< 0.001

No 2,851 (91.71) 959 (92.21) 429 (84.12) 1,463 (91.84)

Unclear 11 (0.35) 7 (0.67) 0 (0.00) 4 (0.25)

Alcohol consumption

Yes 2,813 (89.50) 934 (89.81) 427 (83.73) 1,452 (91.15)

< 0.001

No 326 (10.37) 105 (10.10) 82 (16.08) 139 (8.73)

Unclear 4 (0.13) 1 (0.10) 1 (0.20) 2 (0.13)

BMI

< 18.5 kg/m2 28 (0.89) 7 (0.67) 13 (2.55) 8 (0.50)

< 0.001

18.5-24.9 kg/m2 325 (10.34) 117 (11.25) 23 (4.51) 185 (11.61)

25-29.9 kg/m2 1,106 (35.19) 372 (35.77) 127 (24.90) 607 (38.10)

≥ 30 kg/m2 1,684 (53.58) 544 (52.31) 347 (68.04) 793 (49.78)

HbA1c (%) 6.68 ± 1.15 6.70 ± 1.15 6.88 ± 1.35 6.60 ± 1.06 < 0.001

Sleep chronotype

Morning 1,748 (55.62) 754 (72.50) 172 (33.73) 822 (51.60)

< 0.001

Evening 1,069 (34.01) 185 (17.79) 286 (56.08) 598 (37.54)

Unclear 326 (10.37) 101 (9.71) 52 (10.20) 173 (10.86)

Average acceleration (mg) 22.66 ± 6.96 23.43 ± 6.94 18.00 ± 6.41 23.65 ± 6.55 < 0.001

Values are presented as mean ± standard deviation, or number (%). A: Advanced; AS: Advanced Subsidiary; CSE: Certificate of Secondary
Education; GCSE: General Certificate of Secondary Education; HNC: Higher National Certificate; HND: Higher National Diploma; NVQ: National
Vocational Qualification; O: ordinary; NK: not known; BMI: body mass index; HbA1c: glycated hemoglobin A1c.



Wang et al. Metab Target Organ Damage. 2026;6:5 Page 7 of 13

Figure 2. Association between hourly physical activity (in SD units) and cardiovascular disease, cardiovascular mortality, and all-cause
mortality. (A) The risk on incident cardiovascular disease; (B) The risk of cardiovascular mortality; (C) The risk on all-cause mortality.
Multivariate Cox proportional hazard regression model was adjusted for age, sex, ethnicity, qualification, household income, smoking
status, alcohol consumption, BMI, sleep chronotype, and glycated hemoglobin A1c at baseline. Results should be interpreted with caution
due to multiple comparisons. These analyses are exploratory and should not be interpreted as causal. HR: Hazard ratio; BMI: body mass
index.
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Figure 3. Clusters of relative acceleration patterns. The relative acceleration was calculated by dividing each hourly acceleration mean by
each individual total day acceleration mean (adjusted for non-wear time bias). Cluster 1: A relatively uniform distribution of physical
activity intensity during the day; Cluster 2: physical activity peak at around 8-9 a.m. daily; Cluster 3: physical activity peak at around 11-12
a.m. daily.

Table 2. Association between pattern clusters of relative acceleration and risk of cardiovascular disease, cardiovascular mortality, and
all-cause mortality

Crude HR (95%CI) Adjusted HR (95%CI)

Cardiovascular disease

Cluster 1 Ref Ref

Cluster 2 0.482 (0.356-0.653) 0.449 (0.318-0.634)

Cluster 3 0.511 (0.388-0.672) 0.493 (0.363-0.670)

Cardiovascular mortality

Cluster 1 Ref Ref

Cluster 2 0.543 (0.265-1.112) 0.772 (0.342-1.741)

Cluster 3 0.396 (0.197-0.795) 0.590 (0.276-1.261)

All-cause mortality

Cluster 1 Ref Ref

Cluster 2 0.578 (0.429-0.778) 0.625 (0.448-0.873)

Cluster 3 0.495 (0.374-0.656) 0.548 (0.403-0.746)

Comparisons are made with Cluster 1. Multivariate Cox proportional hazard regression model was adjusted for age, sex, ethnicity, qualification,
household income, smoking status, alcohol consumption, BMI, sleep chronotype, and glycated hemoglobin A1c at baseline. HR: Hazard ratio; BMI:
body mass index.

population. In patients with a BMI ≥ 30 kg/m
2
, Clusters 2 and 3 were associated with a reduced risk of ACM

compared with Cluster 1, while in those with a BMI < 30 kg/m
2
, this relationship was not observed. In male

patients younger than 65 years, those who had T2DM for 5 years or more, and those with baseline HbA1c ≤
7%, Cluster 3 was associated with a reduced risk of ACM compared with Cluster 1, while no difference was

found with Cluster 2. Sensitivity analysis of only those who did not experience outcome events in the first

2 years of follow-up did not show significant changes in the results [Supplementary Table 3].

https://file.oaecenter.com/published/pdf/cd749dd06cd08f5d21e5d7fd836f71b5/1770338985/mtod50146-SupplementaryMaterials.pdf
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DISCUSSION
This prospective cohort study using data from the UK Biobank explored for the first time the relationship

between the timing of PA and the risk of CVD and mortality in T2DM patients. In these patients, increased

PA at around 8 am to 4 pm was associated with a reduced risk of CVD and cardiovascular mortality, while

increased PA during the day and in the evening (but not in the early morning) was associated with a reduced

risk of ACM. Increased PA in the early morning (especially around 3 am) was associated with an increased

risk of CVD and death. This study identified three distinct groups according to their pattern of PA timing in

patients with T2DM, characterized by either evenly distributed daytime activity, a peak in activity around

8-9 am or a peak in activity around 11-12 am. Concentrating PA in the morning (8-9 or 11-12 am) may be

associated with a reduced risk of ACM and CVD in patients with T2DM, and this relationship is

independent of PA intensity.

PA can improve blood sugar control in patients with T2DM and reduce cardiovascular risk factors
[21,22]

. An

epidemiological study showed that patients with T2DM who exercise regularly have significantly reduced

mortality risk
[23]

. Previous studies have mostly investigated the relationship between PA types, intensities,

frequencies, and durations and the occurrence and development of chronic diseases such as T2DM
[24]

. For

example, all types of PA [i.e., endurance, resistance, high-intensity interval training (HIIT), and stretching]

have been found beneficial for blood sugar control and cardiovascular health in T2DM
[25]

. In this study we

directed our attention to the timing of PA (i.e., when is the health benefit of PA the greatest?). The results

suggest that the timing of PA may be an additional independent risk factor for CVD in patients with T2DM,

adding a new dimension to the prevention of CVD and death in these patients.

Our study found that concentrating PA in the morning or at noon is beneficial for reducing the risk of ACM

and CVD in patients with T2DM, a result supported by previous studies
[12,16,26]

. Sato et al. reported that PA at

the beginning of the active phase in the morning has a stronger impact on metabolism and better enhances

health benefits than PA at the beginning of the rest phase in the evening
[12]

. Another study found that PA at

10:30 am was more effective in reducing hyperglycemia and the risk of CVD or mortality than PA at

4:30 pm
[26]

. In addition, middle-aged and older men with T2DM (N = 2,153) who engaged in moderate to

vigorous PA in the morning had the best cardiopulmonary health compared with other time groups
[10]

.

Nevertheless, the observed association between increased PA in the early morning hours (2-5 am) and

elevated risk of CVD and mortality should be interpreted cautiously. This pattern may reflect non-typical

sleep-wake cycles (e.g., shift work) or underlying sleep disorders rather than a harmful effect of PA per se.

Such activity patterns may indicate disrupted circadian rhythms or other health conditions that themselves

confer increased risk.

Some studies have reached inconsistent conclusions, with greater reductions in blood sugar with PA in the

afternoon or evening
[15,27]

, or no difference in glucose response between morning, afternoon, and evening

PA
[28]

. In addition, a cross-sectional study on the adaptability of exercise training in patients with T2DM

found that, compared with morning exercisers, those who exercised at noon had significantly improved

HbA1c and cardiopulmonary function
[29]

. Brito et al. also showed that evening exercise was associated with

better heart rate recovery and blood pressure reduction than morning exercise
[30]

. Furthermore, in men with

T2DM, afternoon exercise was more effective at improving blood sugar than morning exercise. Savikj and

colleagues also pointed out that morning exercise has an acute detrimental effect on blood sugar levels
[15]

.

These studies show the harmful nature of morning exercise for patients with T2DM, which does not

contradict our study, because the beneficial activity times we found are concentrated later than early

morning (i.e., 8-9 am and 11-12 pm). These inconsistent conclusions may result from different measurement

methods and definitions of PA, population heterogeneity, small sample sizes of related studies, and the

choice of lifestyle adjustment variables. This study used accelerometer data on objective PA levels, which can

                                                                                          accurately identify PA, and was conducted in a representative and objective large UK sample.
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Several studies in experimental animals support our findings. For example, Sato et al.
[12]

 found that in mice,

the timing of exercise is a key factor in expanding the beneficial effects of exercise on skeletal muscle

metabolic pathways and systemic energy homeostasis, which in turn is related to CVD occurrence
[31]

. They

also found that in mice exercising in the early active phase, the transcription of glycolysis-related genes was

enhanced, and a strong activation of the hypoxia-inducible factor 1α (HIF1α) pathway in skeletal muscle was

reported. This pathway helps activate glycolysis rather than oxidative phosphorylation during exercise under

low-oxygen conditions. In addition to metabolic effects, HIF1α also coordinates circadian rhythms, making

this pathway one of the potential mechanisms of the positive effects of morning activity in humans. Several

human studies have shown a link between morning PA and better cardiometabolic health
[9,32-34]

. In patients

with T2DM, the impact of PA on hormone levels, metabolic products, and multi-tissue metabolic

profiles/skeletal muscle proteome profiles may depend in part on circadian rhythms. For example, compared

with afternoon HIIT, morning HIIT increases plasma carbohydrates through the pentose phosphate pathway

and decreases skeletal muscle lipids and the abundance of mitochondrial complex III. Morning or evening

exercise appears to have subtle but unique metabolic responses,
[35]

 which may also explain our finding that

increased PA around 3 am is associated with an increased risk of CVD and death.

This study has several strengths, including a large sample size and a nationally representative cohort. In

addition, PA was objectively collected using accelerometers, and we used cluster methods to identify PA

subgroups. This data-based method of grouping is more representative of the natural characteristics of this

population than pre-set groupings. This study also has limitations. First, it is not possible to determine the

nature and type of the PA. However, previous studies have shown that PA of any nature (leisure, exercise, or

work) and type (endurance, resistance, HIIT, or stretching) confer health benefits
[25]

. Second, the baseline

data measurement took place earlier than the accelerometer measurement, which may lead to

misclassification when assessing PA. Third, only 7 days of accelerometer data were collected. However,

previous studies have collected two sets of 7-day accelerometer measurement data separated by 2-3 years,

and the results showed a high internal correlation between PA and sedentary behavior, indicating that a

7-day measurement cycle is representative
[36]

. Fourth, although we adjusted for many potential confounding

factors, residual confounding effects may remain. Fifth, the definition of T2DM relied on registry and

self-reported data without universal confirmation by glucose criteria or medication records. While this is a

common approach in large cohort studies, it may lead to some non-differential misclassification. Sixth, we

derived activity timing patterns from data averaged across all valid days, and did not separately analyze

potential differences in patterns between weekdays and weekends, which may represent distinct behavioral

contexts. Seventh, despite excluding events occurring within the first two years of follow-up in a sensitivity

analysis, we cannot fully rule out reverse causality. Participants with subclinical or deteriorating health may

have reduced or shifted their daily activity patterns before a clinical event was recorded, which could bias the

observed associations. Such bias would likely attenuate the true protective effect of PA, meaning that the HRs

we report might be conservative estimates. Eighth, while we identified clusters based on timing patterns, it

remains unclear whether the observed differences in outcomes are driven primarily by activity timing or

overall activity volume. Although we adjusted for daily average acceleration, residual confounding by total

activity volume cannot be completely ruled out. Ninth, accelerometer-derived activity data cannot

distinguish voluntary exercise (e.g., leisure-time PA) from activity driven by occupational demands or

health-related factors (e.g., restlessness due to poor glycemic control). This limits our ability to infer whether

the observed associations reflect the timing of intentional exercise or the timing of general daily movement.

Furthermore, the identified clusters showed differences in baseline characteristics such as BMI, income, and

sleep chronotype. While we adjusted for these factors in our models, residual confounding due to this

heterogeneity remains a possibility. Finally, the observed association between early morning (2-5 am) activity
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and increased risk should be interpreted with caution. This activity may reflect non-typical sleep-wake

patterns (e.g., shift work) or underlying sleep disorders rather than a harmful effect of activity per se.

In summary, our study suggests that for patients with T2DM, engaging in PA in the late morning or at noon

is associated with a lower risk of CVD and ACM. Time-dependent PA interventions may constitute an

additional benefit for managing cardiovascular and mortality risks in these patients. These findings require

confirmation in randomized controlled trials or interventional studies.
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